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Abstract
MRI-LINACs combine MRI and LINAC technologies with the potential for image guided radiation therapy with optimal soft-tissue contrast. In this work, we
present the advantages and limitations of plastic scintillation dosimeters (PSDs)
for relative dosimetry with MRI-LINACs. PSDs possess many desirable qualities, including magnetic field insensitivity and irradiation angle independence,
which are expected to make them suitable for dosimetry with MRI-LINACs.
An in-house PSD was used to measure field size output factors as well as a percent depth dose distribution and the beam quality index TPR20/10 at a 10.5 ×
10.5 cm2 field size. Measurements were repeated with a Scanditronix/Wellhofer
FC65-G ionisation chamber and PTW 60019 microDiamond detector for comparison. Relative differences were calculated between the three detectors, where
the mean difference in dose was 1.2% between the PSD and ionisation chamber, 1.9% between the PSD and microDiamond detector and 1.3% between the
microDiamond detector and the ionisation chamber. The closeness between the
three mean differences in doses suggests that plastic scintillation dosimeters are
feasible for relative dosimetry with MRI-LINACs.
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1. Introduction
MRI-Linear accelerators (MRI-LINACs) combine an MRIs optimal softtissue contrast and a modern LINACs highly conformal dose distributions to
deliver image guided radiation therapy with non-invasive tumour tracking [1].
For dosimetry with MRI-LINACs, the presence of the MRIs magnetic field alters the trajectories of charged particles traversing through the magnetic field
and consequently the dose distributions delivered [2, 3, 4, 5]. The trajectory
taken, and hence dose deposited by a charged particle in a volume of material is
dependent on a materials density [2, 3]. Dosimeters with material densities not
matching the density of water can have their accuracy compromised, however
with correction they can be applied for MRI-LINAC dosimetry [6, 7]. Dosimeters that are minimally affected by magnetic fields are sought for MRI-LINAC
dosimetry in conditions where the accuracy of other dosimeters may not be
ensured [8, 9, 10].
Plastic scintillation dosimeters (PSDs) consist of plastic scintillator volumes
coupled to optical fibers and have numerous dosimetric qualities that suggest
they are viable for MRI-LINAC dosimetry. In a recent study by TherriaultProux et al. [9], two PSDs were investigated to determine their magnetic field
strength dependence. The PSDs responses increased by (2.4 ± 0.3)% and (2.4 ±
0.1)%, while Monte Carlo simulations in similar irradiation conditions reported
a physical dose increase of 2.2% [6]. The authors attributed the PSDs increase
in response to an increase in the physical dose deposited in the PSD, rather
than changes in the PSDs sensitivity [9]. PSDs have also been shown to possess
many desirable qualities for dosimetry with LINACs, including water equivalence [11, 12, 13], energy independence for LINAC photon beams [14], dose rate
independence (i.e. a dose rate dependence less than 1%) [14, 15, 16], irradiation
angle independence [13, 14, 15], high spatial resolutions [17, 18] and real time
responses [11, 19]. PSDs have been used effectively for small field dosimetry
[20, 21, 22] and in vivo dosimetry [23, 24, 25] with clinical LINACs. Given
these qualities and their non-ferromagnetic composition, PSDs are promising
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prospects for MRI-LINAC dosimetry. The aim of this work was to apply and
evaluate a PSD for relative dosimetry with an MRI-LINAC and present their
advantages and limitations for relative dosimetry with MRI-LINACs.

2. Materials and Methods
The Australian MRI-LINAC project combines a 1 T open bore MRI scanner with a Varex Linatron-MP fitted with a Millenium 120 multileaf collimator
(Varian, USA), shown in Figure 1 (a). The LINAC was calibrated to deliver a
1.033 Gy/MU dose to the MRIs isocentre at 10 cm depth, 10.5 × 10.5 cm2 field
size, and 2.469 m source-isocentre distance. For all measurements, the Varian
Linatron-MP produced a 6 MV pulsed beam with frequency 200 Hz. Multileaf
collimator (MLC) defined output factors were measured using an in-house plastic scintillation dosimeter, an ionisation chamber (FC65-G by Scanditronix /
Wellhofer) and a PTW microDiamond type 60019 detector. The MLC defined
output factors were measured at depths of 10 cm and 20 cm in Gammex RMI457 solid water for field sizes between 2.6 × 2.6 cm2 and 21.0 × 21.0 cm2 with
the setup shown in Figure 1 (b). A percent depth dose distribution (PDD) was
measured at a field size of 10.5 × 10.5 cm2 using all dosimeters. TPR20/10 was
measured at a field size of 10.5 × 10.5 cm2 using the ionisation chamber and in
house plastic scintillation dosimeter. To quantify the variations in the measured
responses of the output factors and the PDD, each measurement was repeated 5
times with the PSD and 3 times with the ionisation chamber and microdiamond
detector. To calculate the uncertainty in each mean response of output factors
and PDD, the standard error of each mean response was combined with the
standard error in the mean response at the reference point.
A Scanditronix/Wellhofer DOSE-1 reference class electrometer was used to
measure the response of the ionisation chamber and microDiamond detector.
For measurements with the PTW60019 microDiamond detector, the detector
was orientated with its central axis parallel to the incident photon beam and
magnetic field directions. For measurements with the ionisation chamber, the
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chambers central axis was orientated perpendicular to the magnetic field direction and the direction of the incident photon beam, matching the orientation of
the PSD shown in Figure 1 (b).

(a)

(b)

Figure 1: (a) Render of the Australian MRI-LINAC and (b) render with a cutaway to show
the solid water phantom, solid water housing and PSD in the optical fiber housing in the
setup used.

The plastic scintillation dosimeter consisted of a cylindrical plastic scintillator volume (BC444 by Saint Gobain) optically coupled to an Eska CK-40 optical
4

fiber. The BC444 volume had a length of 0.8 mm and a diameter of 2.2 mm
and the optical fiber had a length of 15 m, an inner core diameter of 0.98 mm,
a cladding diameter of 1 mm and a jacket diameter of 2.2 mm. To correct for
Cerenkov radiation generated in the optical fiber, a secondary fiber with no
scintillator was used to measure the Cerenkov radiation produced in the PSD.
This is known as background subtraction, and is considered the gold-standard
in the field of PSD [11, 26]. A reference probe was constructed from an Eska
CK-40 optical fiber matching that of the PSD. The tips of the scintillator and
reference probes were coated in black paint to prevent visible light from entering
either of the probes. For measurements with the plastic scintillation dosimeter,
an optical fiber housing was used to hold the scintillator and reference probes
consisting of a 1 cm thick sheet of perspex with a 2.2 mm wide, 4.4 mm deep
housing groove machined into the perspex, matching the housing used by Archer
et al. [27] and Madden et al. [28, 29]. The housing groove was filled with ultrasound gel (Aquasonic 100 by Parker Laboratories, INC) with the PSD and
reference probe placed in the housing groove to eliminate air gaps between the
optical fibers and perspex in the housing groove. For measurements with the
PSD, the optical fibers were orientated perpendicular to the direction of the
MRI-LINACs photon beam, as shown in Figure 1 (b).
Two matching photomultiplier tubes (RCA 4526) operating in analogue
mode were used to detect the optical signals generated in PSD and reference
fiber. A digital oscilloscope (PicoScope PS6404D) was used to record the PSD
and reference probe signals simultaneously as voltage-time waveforms, with the
digital oscilloscope set to AC coupling. Waveforms recorded by the digital oscilloscope were recorded at a sampling frequency of 625 MHz for a duration of
16 µs per waveform. Integral responses of the scintillator and reference probes
were measured by delivering a fixed quantity of monitor units, recording the
PMTs outputs with the digital oscilloscope when triggered and summing across
all measured waveforms for the duration of the radiation deliver. Approximately
4000 treatment pulses were recorded for each PSD measurement made; a sample integral waveform (summed from the approximate 4000 treatment pulses) is
5

Figure 2: PSD is the signal produced by the plastic scintillation dosimeter while Reference
probe is the signal produced by the reference probe. The signals presented are the integral
PSD and reference probe responses (as a function of time), summed across all waveforms
captured during dose delivery.

presented in Figure 2.
To achieve matching irradiation conditions between the PSD and reference
probe, the reference probe and PSD were aligned tip to tip and placed against
each other in the optical fiber housing.

The PSD signal (scintillation and

Cerenkov radiation) and reference probe signal (Cerenkov radiaiton only) were
measured simultaneously using the two matching photomultiplier tubes. The
photomultiplier tubes required cross calibration to ensure that the Cerenkov radiation measured with the reference probe for one PMT matched the Cerenkov
radiation measured by the PSD for the other PMT. PMTs were cross calibrated
by measuring the integral response of each fiber optic probe with each PMT,
taking the ratios of each probes integral responses between PMTs and geometrically averaging these two ratios as in Archer et al. [27]; the resultant value
was the cross calibration factor between the two PMTs. For background subtraction, the stem signal correction was performed by taking the PSD signal
measured by one PMT, subtracting the reference probes signal multiplied by
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the cross calibration factor and integrating this difference in signals.

3. Results

Figure 3: Output factor at 10 cm depth (top) using the in-house plastic scintillation dosimeter, ionisation chamber (FC65-G by Scanditronix / Wellhofer) and a microdiamond detector
(60019 by PTW). Relative difference plot (bottom) between the output factors at 10 cm depth
for ionisation chamber and PSD, and the microDiamond detector and PSD. Nominal field size
is the field size at isocentre. Error bars are the combined error of each mean output factor. In
the relative difference plot IC, PSD and mD are the ionisation chamber, plastic scintillation
dosimeter and microDiamond detector measured output factors.

MLC defined output factors were measured with the ionisation chamber,
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microDiamond detector and the PSD at depths of 10 cm and 20 cm, plotted
in Figure 3 and 4, respectively. For the MLC defined output factor at 10 cm
depth, the ionisation chamber and microDiamond detector at field sizes of 5.2
× 5.2 cm2 and greater. With errors taken into account, the PSD remains in
agreement with the ionisation chamber at all field sizes for the 10 cm depth
output factor. The PSD agreed with the microDiamond detector (within error)
for all field sizes except the 2.6 × 2.6 cm2 field size.
Relative differences were calculated by taking the difference between two
detectors output factors and normalising this difference to one of the reference
detectors output factors. These relative differences in output factors at 10 cm
depth, presented in Figure 3, possess no trend as a function of field size, suggesting that the variations between the three dosimeters are responsible for the
differences. The magnitude of differences with the PSD are much larger than
the difference between the ionisation chamber and the microDiamond detector,
with the trendless variation suggesting that these differences arose with statistical variations of the PSDs measured responses. The observed increased response
of the PSD at the 18.4 × 18.4 cm2 field size arose as a result of statistical variation.
For the output factors at 20 cm depth, the PSD was in the acceptable range
of agreement, (within error) with the ionisation chamber at all field sizes except
the 5.3 × 5.3 cm2 field size. The non-standard shape of the measured output
factors for both depths was attributed to the LINACs MLC field shaping; for
MLC field shaping, there are no changes in the backscattering from the LINACs
jaws into the LINACs monitor chamber, giving the presented output factors
their non-standard shape. Similar trends for MLC defined output factors are
observed in Klein et al. [30].
A percent depth dose distribution was measured with all three dosimeters,
shown in Figure 5. Electron contamination from the LINAC is focused by an
MRI-LINACs fringe field; for strong fringe fields like that at the Australian MRILINAC, this effect makes contaminant electrons deposit high doses at shallow
depths in a narrow focal spot [4]. The normalisation depth for the presented
8

Figure 4: Output factor at 20 cm (top) and relative difference plot (bottom) as in Figure
3. Error bars and nominal field size are as described in Figure 3. IC, PSD and mD are as
described for the relative difference plot in the caption for Figure 3.

PDD was chosen to be 50 mm instead of normalising the PDD to the response
at 15 mm where electron contamination may be present. The microDiamond
detector and ionisation chamber agreed (within error) at all depths except the
15 mm depth, where the differences in relative dose calculated between the
microDiamond detector and ionisation chamber were of significantly smaller
magnitude than the differences calculated with the PSD. The PSD remained in
agreement (with error) with the ionisation chamber except at the 15 mm depth.
The beam quality index TPR20/10 was measured at a field size of 10.5 ×
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Figure 5: PDD (top) measured at the 10.5 × 10.5 cm2 field size and SSD of 2.469 m and relative
difference plot between the PDDs for each detector (bottom). The PDD was normalised to the
response at 50 mm depth. Error bars are the combined error of each mean PDD measurement
as in Figure 3. IC, PSD and mD are as described for the relative difference plot in the caption
for Figure 3.

10.5 cm2 at the source-isocentre distance of 2.469 m. TPR20/10 was obtained
by measuring the response of the PSD at 10 cm depth and at 20 cm depth in
solid water, with TPR20/10 calculated by taking the mean of the responses at 20
cm depth and dividing by the mean of the responses at 10 cm depth. TPR20/10
was measured to be 0.617 ± 0.013% by the PSD, while the ionisation chamber
TPR20/10 was measured to be 0.633 ± 0.011%.
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4. Discussion
In Figure 3, the disagreement between each detectors output factors at the
smallest field size are attributed to multiple effects. The ionisation chamber
had a total length and effective resolution of 2 cm; volume averaging potentially
causes a reduction in the ionisation chamber response at the smallest field size.
At the smallest field size: 2.6 × 2.6 cm2 , detector misalignment from the centre
of field position may lead to a reduction in the dose delivered to the detector
[30]; each detector was aligned to isocentre with in-plane and cross-plane lasers
by eye.
The electron focusing effect is known to produce a narrow lateral focal spot
of electron contamination along the central axis of the photon beam [4]. Lateral
volume averaging across the narrow focal spot may be a potential cause for the
disagreements between each of the three detectors at the 15 mm depth. However,
the alignment of each detector to the centre of the field was made by eye using
the in-plane and cross-plane lasers, hence reliable positioning relative to the
focal spot cannot be guaranteed. The ionisation chambers lateral resolution was
6.2 mm, with lateral volume averaging across the centre of focal spot likely to
occur with the 6.2 mm lateral resolution. The PSD and microDiamond detector
were orientated so they had an approximate lateral resolutions of 2.2 mm and
0.8 mm, respectively. Due to their high lateral resolutions, it is uncertain if
the microDiamond and PSD were positioned at the centre of the focal spot
of the electron contamination. As a result, the three detectors responses are
potentially uncertain at the 15 mm depth.
As the trajectories of charged particles are altered with the presence of a
magnetic field, dosimeters with a directionally independent response are desirable for MRI-LINAC dosimetry. PSDs are known to possess a directionally
independent response. The ionisation chamber and microDiamond detector
have been reported to possess directionally dependent responses when applied
for dosimetry with perpendicular orientation MRI-LINACs [31, 32]. However,
the reported directional dependences of each detector are expected to be neg-
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ligible in the conditions where they were applied. For relative dosimetry with
an MRI-LINAC, the ionisation chamber does not require correction for its directional dependence as any correction factor applied cancels out with itself
[31]. For the perpendicular MRI-LINAC setup, the directional dependence of
microDiamond reported by Woodings et al. [32] was 0.6% for a 0◦ beam angle.
All measurements presented were made at the 0◦ beam angle, however an inline MRI-LINAC setup was used for the presented measurements. The in-line
MRI-LINAC setup used for the presented measurements was expected to reduce
the magnitude of the microDiamond detectors directional dependence that was
reported by Woodings et al. [32]. For the measurements made, the ionisation
chamber and microDiamond detector are expected to be suitable references for
the PSD.
From all presented relative differences in Figures 3-5, the mean difference
in dose was 1.2% between the PSD and ionisation chamber, 1.9% between the
PSD and microDiamond detector and 1.3% between the microDiamond detector and the ionisation chamber. The overall standard deviation of the PSD
was calculated by using the relative variations in the data from all experiments
presented. The 95% confidence interval in the PSD was calculated to be 1.9%,
corresponding to two standard deviations in the PSDs relative response. The
corresponding 95% confidence interval in the microDiamond detectors response
was calculated to be 1.8%, while the corresponding confidence interval for the
ionisation chambers response was calculated to be 1.9%. The similar magnitudes in the mean differences in dose and confidence intervals for each detector
suggest that the in-house PSD is as effective as the ionisation chamber and
microDiamond detector.

5. Conclusion
An in-house PSD was used for the measurement of output factors, a PDD
and TPR20/10 at the Australian MRI-LINAC. The PSD was evaluated by comparing the measured distributions with those measured by an ionisation cham-
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ber (FC65-G, Scanditronix / Wellhofer) and a microdiamond detector (PTW
60019). Relative differences were calculated between the three detectors, where
the mean difference in dose was 1.2% between the PSD and ionisation chamber,
1.9% between the PSD and microDiamond detector and 1.3% between the microDiamond detector and the ionisation chamber. The reproducibility of each
dosimeter relative response was calculated and the 95% confidence interval in
the PSD, ionisation chamber and microdiamond were calculated to be 1.9%,
1.9% and 1.8%, respectively. The closeness between the three mean differences
in dose and 95% confidence intervals suggests that the PSD was as viable as
the ionisation chamber and microDiamond detector for relative dosimetry with
an MRI-LINAC. As PSDs are known to possess irradiation angle independence
and magnetic field insensitivity, the presented results supports that PSDs are
effective for relative dosimetry with MRI-LINAC.
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